Kalman adaptive filtering was applied for the first time to the real-time simultaneous determination of water isotopic ratios using laser absorption spectroscopy at 2.73 µm.
Water (H 2 O) isotopologue ratio measurements (in the vapor or liquid phase) are of great relevance to various research fields, such as climate and paleoclimate studies, geological surveys, hydrological studies (see, e.g. [1]), and clinical research for diagnosis ( [2] [3] [4] ). As an alternative to isotope ratio mass spectrometry (IRMS), laser absorption spectroscopy (LAS) is more and more frequently employed to determine stable isotope abundance ratios [1, 5] . The high measurement precision required by many applications represents a real challenge for isotopic composition analysis by means of LAS [6] , especially in the case of water [7, 8] .
Apart from instrument instability and measurement errors related to sample handing and injection (e.g. incomplete evacuation of the gas cell between two consecutive measurements will lead to memory effects and thus affect the measurement precision), the signal-to-noise ratio (SNR) is often the most important limiting factor for achieving high precision. In LAS, apart from reducing the intrinsic noise of the spectrometer, a high SNR can be achieved by selecting stronger absorption lines and using a multiple-pass cell or a high-finesse optical cavity to enhance the effective optical path length. Another possibility is to decrease the detection bandwidth by averaging N laser scans. In the common case of white noise, this will reduce the noise by a factor of N 1/2 , until the limits of the spectrometer stability are reached.
The optimal averaging time can be determined by an Allan variance analysis [9] .
Alternatively, the individual spectral scans are processed, and the resulting isotope ratios are further averaged to obtain the desired level of precision (again limited by the system's stability). Though this "post-processing" technique permits one to obtain a high measurement precision that can be similar to that obtained by the IRMS method [5, 7] , the drawback is a slower response of the system to fast changes in the isotopic ratios. For specific applications, such as the on-line monitoring of exhaled breath [4] , it is highly desirable to be able to perform real-time measurements with high sensitivity and precision, while maintaining a fast system response. Kalman adaptive filtering has been applied before to real-time trace gas concentration measurements [10, 11] , while adaptive filtering was discussed in a more general sense by Werle and co-workers [12] . In this letter, we report on the first implementation of Kalman filtering to real-time isotopic ratio measurements using LAS. The
Kalman filtering technique shows superior performance compared to a fixed bandwidth filter.
It will adjust to changes in the signal statistics and dynamic range, and in addition is computationally efficient [11] . Using a standard running average technique, averaging over ~30 s is required to obtain the same level of precision.
The experimental set-up, mounted on a 50×70 cm 2 optical breadboard, is depicted in 12 µL liquid water samples were injected into the pre-evacuated multiple-pass cell through a silicon membrane using a syringe, resulting in a pressure of ~4.5 mbar inside the absorption cell (the water saturated vapor pressure is ~42 mbar). Table 2 give 1σ precision of 2.7‰ for δ 18 O, 2‰ for δ 17 O, and 3.3‰ for δ 2 H, respectively. In order to further improve the measurement precision, we first used conventional averaging of n measured δ-values. The optimum number of measurements to average was determined from an Allan variance analysis. As can be seen in figure 3 (lower panel), the optimal averaging time for the present instrument was ~30-s. We then applied the Kalman filtering technique to fast (1-s), real-time, high-precision isotope ratio determinations. In a recursive procedure, the true parameter to be determined by a measurement system is estimated in real time based on the previously determined value by taking into account the process variability and measurement noise. Using a linear stochastic difference model, the true isotope ratio value at time k+1 is evolved from the value given at k according to:
At time k, the measured isotope ratio value z k of the true value x k can be expressed as follows:
where w k and v k are uncorrelated random variables related to the process variability and the measurement noise, respectively, with covariance of σ 
This ratio of variances can be used as a parameter to tune the filter.
In our experiment, σ 2 v was determined by the δ value variance deduced from the first 10 raw measurements of water samples. σ 2 w was then calculated by dividing σ 2 v by q. The selection of the value for q depends on the particular instrument and its application environment. The larger the q value, the longer time it will take for the system to follow large changes in the measured isotopic ratio. For a smaller q value, the filtering is less efficient in removing shot-to-shot variability related to the real-time noise. Figure 4 shows the standard deviations as a function of the q-value for our water isotope ratio determinations using In conclusion, we demonstrated the potential of using Kalman filtering for real-time isotope ratio measurement, which permits for a significant improvement in measurement precision and temporal response. We are currently applying this adaptive filtering technique to on-line measurements of water isotope ratios in exhaled breath, where we expect to see a significant improvement in the ability to resolve small changes in the input isotope ratios, while maintaining a sufficiently fast response to observe rapid changes without distortion. Figure 4 
